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Abstract— In this paper a dual fault tolerant motor drive 
utilizing brushless permanent magnet AC motors is 
investigated for safety critical applications. The motor 
modules are designed to provide both magnetic and 
electrical isolation between the phases, and the use of two 
modules also offers redundancy. This paper addresses an 
important issue, torque ripple and torque compensation due 
to the loss of a phase or phases in a practical dual motor 
drive. The mathematical models for reference current 
calculation in both healthy and various faulty operation 
modes are established under the zero torque ripple factor 
and minimum copper loss constraint conditions. These 
models are suitable for both sinusoidal and trapezoidal fault 
tolerant motor drives. The experimental results under 
various fault conditions are provided to verify the proposed 
fault remedial strategy. 
I. INTRODUCTION
A number of studies have been reported in the literature 
investigating fault-tolerant motor drives, which primarily 
target safety critical applications. Brushless permanent 
magnet (PM) motor drives can have fault tolerant 
capability by minimizing the electrical, magnetic and 
thermal interaction between phases in the motor design 
and driving each phase by a separate H-bridge inverter 
circuit [1]. The electrical fault detection methods and 
several fault remedial strategies for the brushless PM 
motor drive were studied in the literature [2-5] 
However, the previous studies on fault tolerant motor 
drives were mainly concentrated on single isolated-phase 
fault tolerant PM motor drives. They do not address other 
potential faults, such as a complete motor drive failure due 
to power supply or controller failure. To reduce the risk of 
a complete motor failure and to provide redundancy, a 
dual fault-tolerant PM motor drive system was proposed 
in [6]. 
Torque ripple of motor drives is a critical concern in 
many applications where low acoustic noise, or friendly 
human-machine interactions are important [7]. For 
example, in the steer-by-wire applications, the capability 
of fault tolerance is not only required, in order to meet 
user’s expectations, but also high levels of torque 
smoothness are demanded [8]. Some torque ripple 
minimization techniques in standard three phase PM 
motor drives were discussed in [9, 10]. In addition, the 
torque pulsation reducing technique for multi-phase IPM 
motor drives were presented in [11]. These techniques are 
mainly classified into two categories. The first category 
includes techniques for proper motor design which makes 
the motor close to its ideal characteristics and therefore 
produces smoother torque. The second category includes 
the techniques for modifying the excitation currents and 
therefore minimizing torque pulsations.  
An optimal torque control technique in a single fault 
tolerant PM motor drive with isolated phases was 
proposed in [12]. The optimal torque control strategy 
demonstrated by computer simulation enables ripple-free 
torque operation to be achieved while minimizing the 
copper loss under voltage and current constraints.  
This paper addresses an important issue, torque ripple, 
in a dual fault tolerant PM motor drive and proposes a 
minimum torque ripple fault remedial strategy for various 
faults. The two three-phase 48 pole brushless permanent 
magnet AC (PM AC) motors are connected on a common 
shaft. The motor modules use concentrated windings, 
which minimize the magnetic coupling and also provide 
electrical isolation. In addition, each phase of the motor 
modules is driven by a separate single-phase H-bridge 
inverter. The proposed fault remedial strategy for torque 
ripple reduction is demonstrated using a real time motor 
drive system. 
II. PRINCIPLES OF MINIMUM TORQUE RIPPLE 
CURRENT CONTROL
A. Potential Faults 
The most common faults in motor drives are winding 
and switch open-circuit and short-circuit faults. The fault 
analysis has shown that the rms short-circuit current and 
the average drag torque values under a switch short-circuit 
fault condition are bigger than the values under the 
winding short-circuit fault condition [13]. Therefore, 
when a switch short-circuit fault is detected and identified, 
this fault is transferred into a winding short-circuit fault by 
turning on the switch in the other leg of the same inverter 
circuit. In addition, after a switch open-circuit fault 
occurs, all the switches in this inverter circuit are turned 
off. Under the above assumption, the potential faults in a 
dual fault tolerant motor drive can be classified into one-
phase open-circuit fault, one-phase short-circuit fault, two-
phase open-circuit fault, two-phase short-circuit fault, 
three-phase open-circuit fault (including one motor 
module complete open-circuit fault due to power supply 
failure or controller failure) and three-phase short-circuit 
fault. 
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These potential faults have to be detected prior to any 
fault remedial strategy being adopted. The fault detection 
methods have been studied previously in [14]. This paper 
aims to develop and implement current control 
methodologies to minimize the torque ripple under one-
phase open-circuit and short-circuit faults, two-phase 
open-circuit fault and one motor complete open-circuit 
fault in a fault tolerant motor drive with redundancy. 
B. Reference Current Model in Healthy Operation 
In general, whether the motor drive has a single motor 
module or two motor modules, the back-EMF voltages of 
an n-phase fault tolerant PM motor drive can be given as 
)( ejmej eke TZ                                            (1) 
Here the subscript j is an integer representing the phase 
number of the motor (j = 1, 2, …, n), ek  is the back-EMF 
constant, mZ  is the angular speed of the rotor and eT  is 
the electrical rotor position. )( eje T  is the unit back-EMF 
voltage of phase j which is a function of the rotor position 
with a maximum amplitude of ±1.  
Considering a simple motor drive with two isolated-
phases, the output torque 0T  can be calculated by: 
])()([ 22110 ieiekT eee TT                                        (2) 
here 1i  and 2i  denote phase currents of the motor module. 
It can be demonstrated that at any point in time, the 
minimum copper loss to produce a given output torque is 
obtained by keeping the ratio of the instantaneous phase 
currents equal to the ratio of the instantaneous phase back-
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Equations (3) and (4) are valid for back-EMF 
waveforms of any shape and can be extended to multiple-
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C. Reference Current Models in Faulty Operations 
The fault analysis study has shown that after the faults 
occur in the motor drive; the total output torque will be 
reduced. At the same time, the peak-to-peak torque ripple 
will be increased. In addition, the fault effect on output 
torque and torque ripple is worse under the phase short-
circuit fault condition due to the drag torque compared to 
the result obtained under the phase open-circuit fault 
condition. Therefore, it is necessary to adopt suitable fault 
remedial strategies to compensate the torque loss and 
reduce the torque ripple values. 
Since the output torque is proportional to the phase 
current, the only way to maintain rated (or near rated) 
torque under faulted operation in a fault tolerant motor 
drive is to increase the current in the healthy phases. 
If a phase has an open-circuit fault in a single or dual 
fault tolerant motor drive with n  phases, in order to 
obtain rated output torque and zero torque ripples and 
minimum copper loss, the currents in the healthy phases 
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Here k is an integer representing the faulty phase of the 
motor, which should be excluded in the above equation. 
For example, in a dual three phase motor drive where 
phase 4 suffers an open-circuit fault, n and k are equal to 6 
and 4. If phase k has a short circuit fault, however, the 


























   (7) 
Where ki  is the short-circuit current in phase k, and the 
extra term kek ie )(T  represents the drag torque produced 
by the short-circuit current. It is obvious that in the case of 
a winding short circuit fault, due to the drag torque 
produced by the short-circuit current, the current in 
healthy phases will be significantly higher than the current 
in open-circuit fault operation in order to output the same 
torque as in healthy operation. 
In addition, (6) can be extended to more than one phase 
open-circuit fault condition. If phase k and l are open-
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III. EXPERIMENTAL SETUP AND MOTOR CONTROL
A. Motor Setup and Controller 
Fig. 1 illustrates the block diagram of the dual fault 
tolerant PMAC motor drive that includes two identical 
three-phase fault-tolerant brushless PM motor modules 
with surface-mounted PM rotors, six H-bridge inverters 
with fault detection circuits, six Hall-effect current 
sensors, one encoder and two Microchip dsPIC30F4011 
based motor controllers. In addition, the two motor 
modules are powered by separate power supplies. Fig. 2 is 
the picture of this experimental setup. The load consists of 
two permanent magnet AC generators and the output 
terminals of one generator are connected to a three phase 
rectifier and a rheostat which is used to adjust the output 
load value. 
Table I describes the parameters of the motor module. 
In this motor setup, each motor module has three phases in 
which the back-EMF waveforms are sinusoidal with 120° 
phase difference with each other. For the sake of 
simplicity, using phase 1, 2, 3 and phase 4, 5, 6 describe 
the phase numbers of the two motor modules. It should be 
noted that the back-EMF voltages of the two motor 
modules are aligned in this study. 





















4, 5, 6 
Controller 2 
Desired output torque 
Figure 1.   Block diagram of the dual fault tolerant motor drive 
PMAC motors Encoder Generators Rectifier Rheostat 
Inverter boards Parameter test boards Controller boards 
Figure 2.   Picture of the experimental setup 
TABLE I. MOTOR PARAMETERS
Items Values 
Winding resistance () 0.55 
Winding inductance (mH) 2.1 
Back-EMF constant (V/rad/s) 0.89 
Number of pole pairs 24 
B. Current Control 
A hysteresis current control scheme is used to control 
the motor modules. In healthy operation, according to (5), 
the reference currents can be expressed by 
6~1)sin()(   jtNIti jmpmj IZ                (9) 
Here mI  is the peak value of the current under healthy 
operation, which can be obtained from the desired output 
torque 0T  ( em kTI 3/0 ), pN  is the number of pole pairs 
of the motor, and jI  is the phase difference between 
phase j and phase 1. 
If an open-circuit or short-circuit fault occurs in phase 
4, based on the assumption of sinusoidal back-EMF 
voltages and that the motor modules could be over-rated 
for a short period of time, (6) and (7) can be used to 
calculate the reference currents in the healthy phases to 
obtain the desired output torque as in healthy operation 
with minimum torque ripple and copper loss. The 
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Where i4(t) is the short circuit current in phase 4 and can 













me             (12) 
)/(tan 1 RLN mpZI
                                           (13) 
Here R and L are the resistance and inductance of the 
motor windings and I  denotes the phase difference 
between the short-circuit current and back-EMF voltage of 
phase 4. Obviously, the short-circuit current and phase 
difference are functions of rotor speed and the measured 
and calculated results are illustrated in Fig. 3. 
In the real time motor control system, in order to 
increase the closed-loop control frequency, the above 
equations were implemented using look-up tables. 
If motor module 2 suffers a complete open-circuit fault 
due to a power supply failure or motor controller failure, 
in order to obtain the same output torque as in healthy 
operation, the reference currents in motor module 1 can be 
given as 
3~1)sin(2)(   jtNIti jmpmj IZ            (14) 
IV. EXPERIMENTAL DEMONSTRATION
It should be noted here that when experiments are 
performed, the phase currents of the two motor modules 
and the load current and voltage are monitored by the 
LABVIEW based data acquisition card (PXI-4472) which 
can measure eight channel analog signals simultaneously. 
The measured current and voltage waveforms are then 
saved in the computer for off-line data processing.  


































Figure 3.   Peak short-circuit current (top) and phase difference (bottom) 
between the back-EMF voltage and short-circuit current of phase 4 at 
different rotor speeds 
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Due to absence of a high-bandwidth in-line torque 
transducer, the electromagnetic torque waveforms in this 
paper are calculated using the measured phase currents 
and the known back-EMF voltage waveforms which are a 
function of the rotor position and motor angular speed. In 
addition, the torque ripple is calculated as the ratio of the 
peak-to-peak torque value and the mean value of torque. 
A. One-Phase Open-Circuit Fault Experiment 
A set of sample experimental results are given in Fig. 4, 
which shows the phase currents and the electromagnetic 
torque waveforms before and after an open-circuit fault is 
introduced in phase 4 at 1000 ms and no fault remedial 
strategy is adopted. From the analysis at these results we 
can conclude that the average output torque value under 
one-phase open-circuit fault condition was decreased to 
7.68 Nm, which was about the 5/6 of the torque under 
healthy operation (9.01 Nm). Fig. 5 is given to 
demonstrate the effectiveness of the remedial strategy that 
is adopted to be able to minimize the torque ripple. As can 
be seen in these results, the peak-to-peak output torque 
ripple was reduced significantly when the remedial 
strategy is adopted (from 59% in Fig. 4 to 18% in Fig. 5), 
and the average output torque was maintained at the value 
under healthy operation. 
The presence of torque ripple during healthy operation 
and after the adoption of the fault remedial strategy is due 
to the limitation of controller’s word length, resolution of 
the encoder and current sensor, and the switching 
frequency. In addition, the hysteresis current control 
scheme can not eliminate the current error entirely and the 
real current causes torque ripples. 
B. One-Phase Short-Circuit Fault Experiment 
The two terminals of phase 4 winding were shorted to 
simulate a one-phase short-circuit fault. Fig. 6 is given to 
present the one-phase short-circuit fault operation in 
which no fault remedial strategy is employed. From the 
figure, it is can be seen that the electromagnetic torque 
waveform of motor module 2 is a periodic signal and is 
less than zero during a period of time. This implies that 
the short-circuit current in phase 4 generates negative 
torque during this period. As a result, the total average 
output torque is 5.38 Nm which is much lower than the 
healthy torque value of 9.01 Nm. The peak-to-peak torque 
ripple reaches to 172% which is much higher than the 
healthy operation value of 19%.  In addition, the rotor 
speed is reduced to 32 rpm from 87 rpm in healthy 
operation.
Fig. 7 describes the experiment results of phase 4 short-
circuit fault operation in which the minimum torque ripple 
fault remedial strategy is applied. From the figure we can 
obtain that the total average output torque of the motor 
drive is 8.72 Nm which is nearly equal to the healthy 
torque of 9.01 Nm and the peak-to-peak torque ripple is 
38% which is much lower than the value before the fault 
remedial strategy is adopted. It should be noticed that this 
fault remedial strategy only can be used for a short period 
of time due to the relatively large currents flowing in the 
healthy phases. 
C. Two-Phase Open-Circuit Fault Experiment 
Fig. 8 presents the experimental results in which the 
fault remedial strategy was adopted in the healthy phases 
after  an  open-circuit  fault  occurred  in  phase 4 and  5 at 
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Figure 4.   Measured phase current waveforms of motor module 2 (top) 
and the electromagnetic torque (bottom) waveforms before and after 
one-phase open-circuit fault occurred in phase 4 at 1000 ms and without 
any fault remedial strategy adopted 
Figure 5.   Measured phase current waveforms of motor module 1 (top), 
motor module 2 (middle) and the electromagnetic torque (bottom) 
waveforms before and after one-phase open-circuit fault occurred in 
phase 4 at 1000 ms and fault remedial strategy was adopted after fault 
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1000 ms. It can be seen that the phase currents are not 
sinusoidal signals after the fault remedial strategy is 
adopted. In addition, from the experiment result, we can 
obtain that the average output torque is 9.12 Nm and the 
torque ripple is 23% in two-phase open-circuit fault 
operation with the fault remedial strategy, and these 
values are almost the same as in healthy operation. 
D. One Motor Complete Fault Experiment 
Obviously, if motor module 2 has a complete open-
circuit fault, the total output torque will be half the value 
of the healthy operation. Fig. 9 describes the experiment 
results of one motor complete open-circuit fault operation. 
Before 1000 ms, the two motor modules were running in 
healthy operation. After motor module 2 had an open-
circuit fault at 1000 ms, the phase currents of motor 
module 1 were doubled. From the torque curves we can 
obtain that after the fault occurs the total output torque of 
the motor drive is 8.93 Nm and the torque ripple is 21% 
which is almost the same value as in healthy operation. 
The experimental results in different operating modes 
are summarized in Table II. 
V. CONCLUSIONS
This paper emphasizes an important issue in many 
critical motor drive applications, which is maintaining low 
torque ripple in a fault tolerant PM AC motor drive with 
Figure 6.   Measured phase current waveforms of motor module 2 (top) 
and the electromagnetic torque (bottom) waveforms when one-phase 
short-circuit fault occurred in phase 4 and no fault remedial strategy was 
adopted
Figure 8.   Measured phase current waveforms of motor module 1 (top), 
motor module 2 (middle) and the electromagnetic torque (bottom) 
waveforms when two-phase open-circuit faults occurred in phase 4 and 
5 at 1000 ms and fault remedial strategy was adopted 
Figure 7.   Measured phase current waveforms of motor module 1 (top), 
motor module 2 (middle) and the electromagnetic torque (bottom) 
waveforms when one-phase short-circuit fault occurred in phase 4 and 
fault remedial strategy was adopted 
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redundancy under fault conditions. The theoretical and 
practical background of the proposed motor drive is 
provided. The experimental results have proved that a 
correct fault remedial strategy can be implemented in a 
real motor controller to compensate the torque reduction 
due to a fault(s) and minimize the output torque ripple. 
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TABLE II. SUMMARY OF THE EXPERIMENTAL RESULT IN DIFFERENT OPERATING MODES
No fault remedial strategy Optimal fault remedial strategy Operating modes 
Average torque (Nm) Torque ripple (%) Average torque (Nm) Torque ripple (%) 
Healthy operation 9.01 19 _ _ 
One-phase open-circuit fault 7.68 59 9.09 18 
One-phase short-circuit fault 5.38 172 8.72 38 
Two-phase open-circuit fault 6.11 71 9.12 23 
Three phase open-circuit fault 4.57 22 8.93 21 
Figure 9.   Measured phase current waveforms of motor module 1, 
motor module 2 and the electromagnetic torque waveforms (from top to 
bottom) when motor module 2 fails completely at 1000 ms and a fault 
remedial strategy was adopted 
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